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Introduction
Maize grain yield improvements over the decades have been attributed in rather equal proportions to management and genetic advances (Duvick, 2005) . Duvick (2005) observed that there were parison, a 1988 widely used hybrid achieved a higher LAI than a 1959 widely used hybrid in Ontario (Tollenaar and Aguilera, 1992; Tollenaar et al., 1997) . Duvick (1984) reported that LAI differences were minimal among hybrids from 1930 to 1980 when a series of 48 Pioneer hybrids were tested in Iowa across 3 densities. Specific leaf nitrogen, representing leaf N per leaf area, was associated with higher N-use efficiency in newer hybrids even at low N supply (McCullough et al., 1994) . DeBruin et al. (2013) used SLN at silking for estimating grain yield, KW and KN at maturity; the threshold of SLN for maximum grain yield, KW and KN were 1.5, 1.6 and 1.3 g m −2 , respectively.
Kernel number per area (KN), kernel number per plant (KNP) and potential kernel weight are direct variables that contribute to sink strength. Kernel number per area have increased in response to targeted genetic and management (e.g. higher plant density) improvements. Kernel number per plant is well known to be affected by plant growth rate (PGR) during the critical period surrounding silking Uhart and Andrade, 1995; Echarte et al., 2004) . The association between KNP and PGR was shown to be curvilinear before KNP reaches its maximum and then this association reaches a plateau . Andrade et al. (1999 Andrade et al. ( , 2002 showed that the incremental rate for KNP of the apical ear decreased to 0 when PGR reached 4 g plant −1 d −1 . Breeding efforts to increase KNP have been successful when a lower threshold of ear growth rate (EGR) was needed to achieve maximal KNP during the critical period for newer hybrids compared to older hybrids (D'Andrea et al., 2008) . Ear growth rate (EGR) during the critical period was proved to be a good estimator of KNP, and KNP reached a maximum when EGR during critical period was over 1.6 g plant −1 d −1 (D'Andrea et al., 2008) . Echarte et al. (2006) indicated that ear demand included KNP and kernel growth rate. Given this, EGR can be treated as a component of ear demand and overall sink strength.
Potential kernel weight is determined about 12-15 days after onset of grain filling period at end of lag phase (Borrás and Gambín, 2010) . Whether kernel weight (KW) at maturity achieves its potential kernel weight depends on conditions during grain filling period such as persistence of green leaf area and redistribution of assimilated biomass during grain filling period (Hammer et al., 2010) . One lesser-known change in ear traits that potentially coincides with grain yield gain is the increased KW achieved by newer hybrids under well-watered conditions, that trait change was noted in a series of ERA hybrids from 1953 to 2001 tested in Chile (Barker et al., 2005) .
It is well known that KW is determined during the grain filling stage, including the lag phase (when KW increases very little) and the active grain filling stage (when KW increases linearly with thermal time) (Maddonni et al., 1998; Echarte and Andrade, 2003) . Maddonni et al. (1998) showed that hybrids with a larger potential KW (>300 mg kernel −1 ) had a longer lag phase and a higher kernel growth rate with a longer active grain filling period compared to hybrids with smaller potential KW (≤300 mg kernel −1 ). However, Borrás and Otegui (2001) showed that KW was not correlated with the length of active grain filling period; instead, KW was correlated with the kernel growth rate during grain filling period for both large and small kernel hybrids.
The comparison between source strength and sink strength during grain filling period can be quantified using the source-sink ratio (SSR), which is often known as the ratio of post-silking dry matter accumulation divided by kernel number per plant (Rajcan and Tollenaar, 1999b; Borrás et al., 2003; Borrás and Otegui, 2001; Sala et al., 2007) . Modern hybrids exhibited a higher SSR during the post-silking period and these changes were associated with increasing leaf longevity during grain filling period (Rajcan and Tollenaar, 1999b) . KW is also affected by the source capacity variation (such as post-silking dry matter accumulation and duration of grain filling period) when ear demand increased due to higher yield potential, especially in newer hybrids compared to older hybrids (Echarte et al., 2006) . Breeding efforts to prolong the active grain filling period has been well documented (Ma and Dwyer, 1998; Mi et al., 2003) .
Because grain yield gain over time in maize also benefited from steadily increasing plant density, there can be indirect consequences of density on canopy and grain component traits. Cardwell's study on yield gain in Minnesota from 1930 to 1980 demonstrated that increased plant density (30, 780 plants ha −1 ) over these 50 years had contributed to 21% of the total grain yield gain (Cardwell, 1982) . Duvick (2005) also showed newer hybrids perform better under 79,000 plants ha −1 than older hybrids for a series of Pioneer hybrids. However, the highest density in that study is now a rather common density in commercial U.S. maize production. Higher density can increase light interception by increasing leaf area index (Tollenaar and Lee, 2002) , but higher densities may also increase abiotic stresses that can lead to a reduction in KNP (Poneleit and Egli, 1979; Echarte et al., 2000) . Andrade et al. (1999) indicated that the number of kernels set per unit of PGR decreased at high densities and that higher densities therefore contributed to a lower final KNP. High density can also reduce KW due to a reduction in leaf area per plant (Borrás et al., 2003) . The performance uncertainty of KNP and KW in newer hybrids both near and well above current plant densities should be investigated.
Maize hybrid evaluations are commonly made under high N conditions due to a large yield loss under N deficient conditions (D'Andrea et al., 2008) . However, N deficiency has a large influence on canopy variables, such as green leaf number during the grain filling period, LAI and SLN, which will cause reduction in radiation use efficiency and light interception and eventually lower KN and KW. A series of DeKalb hybrids from 1930s to 1980s showed similar yield increase rates per year under both low fertility and high fertility conditions (Castleberry et al., 1984) . However, other previous studies including more recent hybrids (i.e. released after year 2000) showed higher grain yield increases per year under nonstressed conditions. For instance, Barker et al. (2005) observed that a series of Pioneer ERA hybrids (1950 -2001 had higher grain yield gain per year under well-watered than in drought stress conditions. Hence, because of the uncertain consequences of abiotic stress factors like N deficiency on hybrids of different eras, the consequence of different N levels on grain yield gain per year warrants further investigation.
Given the risks of yield reduction under both N deficiency and high density stress factors, as well as the opportunities for increasing knowledge to help guide future genetic selection, it is necessary to clarify the traits that have changed over more than three decades of breeding programs under multiple N rates and densities. Therefore, the objectives of this study were to: 1) determine the effects of N rate, plant density and hybrid era on canopy traits, grain yield and its components; 2) evaluate the existence of hybrid interactions with N rate and plant density on these vegetative and reproductive traits; and 3) study whether the correlations between KW and ear growth rate during grain filling period changed with almost 40 years of Dekalb hybrid development.
was Chalmers silty-clay loam (Fine-silty, mixed, superactive, mesic Typic Endoaquolls) in 2013 and Raub-Brenton complex (Fine-silty, mixed, superactive, mesic Aquic Argiudolls) in 2014 at ACRE. The soil type at PPAC was Sebewa loam (Fine-loamy over sandy or sandy-skeletal, mixed, superactive, mesic Typic Argiaquolls) in both years. Average soil pH, organic matter, exchangeable P, and available K were 6.9, 3.7 g 100 g −1 , 22 mg kg −1 , 106 mg kg −1 at ACRE in 2013; 6.7, 4.4 g 100 g −1 , 17 mg kg −1 , 92 mg kg −1 at PPAC in 2013; and 6.2, 2.9 g 100 g −1 , 75 mg kg −1 , 236 mg kg −1 at ACRE in 2014, 6.2, 4.8 g 100 g −1 , 27 mg kg −1 , 129 mg kg −1 at PPAC in 2014. Soil N was not measured at sowing in this study; however, it was measured at V14 and R1 stages at both ACRE (2013 and 2014) and PPAC (2013, but not 2014) in immediately adjacent maize hybrid studies planted on the same day in the same field where no N fertilizer was added (De Oliveira Silva, 2015) . The soil NH 4 + ranged from 3.3 to 4.8 mg kg −1 and NO 3 − ranged from 1.8 to 3.5 mg kg −1 to a 30-cm depth at these locations (De Oliveira Silva, 2015) . In both years, the crop rotation was maize after soybean at ACRE, and second year continuous maize at PPAC. ACRE, 2013 was chisel plowed in the fall and field cultivated in the spring. ACRE, 2014 was strip-tilled in both fall and spring with Soil Warrior ® (Environmental Tillage Systems Inc.) using coulter-based soil engaging tools. The tillage system was chisel plow in the fall and field cultivated in the spring for PPAC in both years.
Treatments were arranged in a split-split plot design in both years at both locations. Nitrogen rate was the main plot − 55 kg N ha −1 (55N) or 220 kg N ha −1 (220N). Plant density was the sub-plot − 54,000 (D1), 79,000 (D2), or 104,000 plants ha −1 (D3). Hybrid was the sub-sub plot, including 8 commercial DeKalb hybrids, the cultivars used and their decades assigned, as well as their cultivars characteristics, are described in Table 1 . Six blocks were planted at ACRE and three blocks were planted at PPAC. All plots were 10 m long and 3.04 m wide with 4 rows and 0.76 m row spacing.
Planting dates were 14 May 2013 and 25 April 2014 at ACRE and 1 June 2013 and 5 May 2014 at PPAC. Nitrogen was side-dressed as urea-ammonium nitrate (UAN, 28% N) applied 30 days after planting (DAP) in 2013 and 33 DAP in 2014 at ACRE and 38 DAP in 2013 and 24 DAP in 2014 at PPAC. All UAN was injected in mid-row positions with a DMI Nutri-Placer 2800.
All grass and broadleaf weeds in the plot areas were controlled with a combination of pre-emerge residual herbicides as well as a single post-emerge application at approximately the V5 stage. All maize seeds were treated in a similar manner with Acceleron TM (Difenoconazole, Fludioxonil, Mefenoxam, and Thiamethoxam) . Force 3G (Tefluthrin) was soil-applied at planting to control corn rootworm.
Weather data for ACRE were collected from Purdue UniversityIndiana State Climate Office at station 'ACRE-West Lafayette' (http://www.iclimate.org/), and for PPAC was collected from station 'Wanatah 2 WNW, IN US' (http://www.ncdc.noaa.gov/ cdo-web). Weather recording began with the planting dates at each site-year and continued until biomass harvest at maturity on September 24th, 2013 and September 15th, 2014 at ACRE, and on October 22nd, 2013 and September 29th, 2014 at PPAC.
Canopy traits, biomass harvest at silking, maturity and grain yield
Leaf area index (LAI) was measured three times − growth stages R1, R3 and R5 in both years and both locations. Five points above the canopy and five points below the canopy were taken for each plot using a Li-Cor 2200 ( ® 2014 LI-COR, Inc.) with a 45 • cap to avoid direct sunlight. All plots were 4 rows wide. Hence, the belowcanopy points were shaded and followed a diagonal line between row 2 and row 3, and the five points were evenly distributed on this diagonal line. The LAI measurements were conducted in 3 blocks for both ACRE and PPAC each year. Green leaf numbers were recorded from 20 plants per plot at silking (R1) and three times during grain filling (R2, R3 and R5) for 3 blocks for both ACRE and PPAC each year. All leaves retaining at least 50% green area on the leaf surface were counted as "green leaves".
At ACRE, R1 biomass harvest was taken at 7 days (2013) and 0 days (2014) after 50% silking (average of all hybrids). At PPAC, R1 biomass harvest was taken at 2 days (2013) and 4 days (2014) after 50% silking (average of all hybrids). R6 biomass harvest was completed after all treatments reached black layer (representative ears of each hybrid from multiple replications were sampled to insure all treatments reached black layer). For all biomass harvests, the sampling area was 3.04 m 2 for each plot.
All plants in the sampling area were cut at soil level. Five representative plants were then chosen as subsamples from each plot. For the R1 harvest, subsamples were separated into leaf, stem (with husk) and ear for six blocks at ACRE and three blocks at PPAC in both years. For the R6 harvest, subsamples were separated into leaf, stem (with husk), grain and cob for three blocks in ACRE and PPAC in both years. The other three blocks in ACRE were separated into stover (stems, leaves, and husks) and ears (grain and cob) at ACRE in both years. Fresh weight for total plants and all subsample components were recorded before subsample drying at 60 •C at ACRE for 5-7 days until a stable dry weight was reached. All subsamples were weighed, ground and sent to A&L Great Lakes Lab (Fort Wayne, Indiana) for determination of plant N composition using combustion analysis (AOAC International 990.03, 1995) .
Both grain yield and aboveground biomass were calculated from the R6 sampling areas. After selecting the five subsampled plants, all ears of the remaining plants were collected as "bulk" ears. All "bulk" ears were shelled and weighed, and grain moisture determined with a grain moisture tester. Grain yield was calculated by using all the ears in R6 harvest area, including bulk ears and subsample ears. Grain yield is presented at 0% moisture, as well as grain yield per plant. Number of rows and number of kernels per row was counted for each ear for all subsamples. Kernel number was calculated as the product of number of rows and number of kernels per row. Kernel weights were determined from 200 kernel subsamples for each plot.
Individual plot progression to 50% milkline was determined by sampling at least 3 times from onset of kernel denting to 50% milkline (Butzen, 2014) . Sampling began at onset of kernel denting, the second sampling occurred 5 days after the first time sampling, and the third sampling was conducted 7 days after the second sampling. If there were still plots that did not reach 50% milkline, those plots were sampled another 3-5 days later until all the plots reached 50% milkline. For each sampling time, 3 consecutive corn ears were broken in half so that the percentage of milkline of top half of each ear could be recorded. For those plots that were not exactly 50% milkline when sampled, the dates for 50% milkline were calculated based on the fitted linear model of the percentage milkline (y-axis) versus date of sampling (x-axis).
Specific leaf nitrogen (SLN) at silking was calculated as ratio of leaf N content to leaf area index at silking.
SLN gm
−2 = Leaf N content at silking kg ha −1 LAI at silking m 2 m −2
Leaf N content (kg ha −1 ) is the product of leaf N concentration and leaf biomass at silking.
Source-sink ratio (SSR) was calculated as ratio of post-silking dry matter accumulation per plant to kernel number per plant. Ear growth rate (EGR) was calculated as the ratio of the gain of ear dry matter from 50% silking to 50% milkline per plant per day (50% milkline was used since it was the last recorded dates to capture the exact thermal time for each treatment).
G Model
Ear dry matter at50%milkline g plant −1 − Ear dry matter at 50%silking g plant −1
Days from silking to 50% milkline (d)
Ear dry matter included the dry matter of grain, husk and cob for both 50% milkline and 50% silking. The ear biomass per plant at 50% milkline were estimated as 90% of ear biomass per plant at maturity (Afuakwa and Crookston, 1984) .
Harvest index (HI) was calculated as the ratio of grain dry matter (kg ha −1 ) to total dry matter (kg ha −1 ) at maturity.
HI kg kg
−1 = Grain dry matter at maturity kg ha −1
Total dry matter at maturity kg ha −1
Thermal time was calculated as an accumulation of average daily temperature − base temperature (8 • C) from sowing (Borrás et al., 2003) .
Statistical analysis
Analysis of variance (ANOVA) was conducted with SAS 9.3 by using "Proc Mixed" (SAS Institute Inc., 2011). Treatment factors of N rate, plant density and hybrid were treated as fixed factors but location was considered as a random factor, and block was considered as a random factor nested within each year. We combined data from two years since Pr (F > F 0 ) of year is larger than 0.05 for most of the measured variables. Neither Error a (year × nitrogen rate × block (year)) or Error b (year × nitrogen rate × density × block (year)) or Error c (year × nitrogen rate × density × hybrid × block (year)) were pooled when the error terms were considered in the split-split plot analyses. Regressions were conducted in SAS 9.3 by "Proc Reg". Slope comparisons were conducted by "Proc GLM" in SAS by setting dummy variables. Plateau quadratic regressions were fitted for ear growth rate vs. era of hybrids by using "Proc nlin" in SAS. Iteration was conducted based on given priors for a, b and c in the quadratic equation: EGR = a + b × era + c × era 2 when era was less than a certain time point x 0 , after x 0 EGR reached a plateau.
Results
Average air temperatures were similar in all 4 environments ( Table 2 ). Precipitation accumulated from planting to silking was almost double at PPAC than at ACRE in both years and total growing season precipitation was higher in 2014 than 2013 for both ACRE and PPAC. However, the available water capacity of ACRE was about 2.0 cm available water for each 10 cm zone to a soil depth of 80 cm, and it was about 1.7 cm of available water in each 10 cm zone at PPAC to a soil depth of 90 cm in both years (USDA, 2003) ; maize rooting depth typically exceeds 60 cm at both locations. Little to no evidence of drought stress was observed in either year at both locations.
Overall nitrogen and density effects
Significant differences in plant parameter responses between the two N rate treatments were unlikely to occur because there were too few degrees of freedom for testing N variance (as N rate was the whole plot in this split-split plot design), and overall LSD values associated with N treatments were large (Tables 3 and 4) . Therefore, N rate treatment differences were not significant for grain yield (GY), grain yield per plant (GYP), KN, KW and SSR in both locations (Tables 3 and 4) . However, it is interesting to note that the high N rate achieved numerically (1524 and 2136 kg ha −1 ) higher GY and numerically higher GYP (20 and 27 g plant −1 ) compared to the low N rate at ACRE and PPAC, respectively (Tables 3 and 4) . As for yield components, the high N rate had numerically higher KN − (203 and 536 kernel m −2 ) and KW − (25 and 27 mg kernel −1 ) compared to low N rate at ACRE and PPAC, respectively. Sourcesink ratio was slightly higher by 27 mg kernel −1 with the higher N rate at both ACRE and PPAC. Nitrogen only had minor impacts on thermal time from planting to 50% tassel and from planting to 50% silking, as well as from 50% silking to 50% milkline in both locations (Tables 3 and 4) .
The maximum grain yield per area was achieved at D2 at ACRE (Table 3) , whereas grain yield was maximized at D1 at PPAC (Table 4) . From D1 to D2, GY increased 368 kg ha −1 at ACRE and but did not change significantly at PPAC, and it decreased by 432 kg ha −1 at ACRE and by 546 kg ha −1 at PPAC when density increased from D2 to D3. Grain yield per plant, kernel number per plant (KNP), and KW all decreased as density increased in both locations and the reduction was larger from D1 to D2 than from D2 to D3 (Tables 3 and 4) . When density increased from D1 to D2, GYP was reduced 50 and 51 g plant −1 , KNP was reduced 131 and 117 kernel plant −1 , and KW was reduced 36 and 30 mg kernel −1 for ACRE and PPAC, respectively (Tables 3and 4) . From D2 to D3, Table 1 The cultivars used, year of commercial release, cultivar characteristics and relative maturity days.
Cultivars
Commercial • (Tables 3 and 4) . SSR decreased by 31 and 35 mg kernel −1 when density increased from D1 to D2, and it declined further by 15 and 13 mg kernel −1 from D2 to D3 for ACRE and PPAC, respectively. D3 delayed tasseling at ACRE compared to D1, whereas D2 and D3 both delayed tasseling at PPAC compared to D1. Increasing density (from D1 to D2, and D2 to D3) delayed 50% silking in both locations. Increasing density from D1 to D2 shortened the interval between 50% silking to 50% milkline at both locations; however, the further increasing density from D2 to D3 shortened this interval in ACRE but not in PPAC (Tables 3 and 4) .
Breeding effort in contributing to canopy traits, yield and yield components
Grain yield per unit area increased linearly from the oldest to the newest hybrids when averaged across all N rates and densities at both locations ( Fig. 1a and b) . GY increased 62.1 and 86.4 kg ha −1 year −1 under 55N and 220N, respectively, at ACRE (Fig. 1a) whereas it increased 50.5 and 64.0 kg ha −1 year −1 under 55N and 220N in PPAC (Fig. 1b) . However, the N rate effect on two slopes of grain yield gain per area was not significant for both locations. The relative grain yield gain during 1967-2005 (based on the 2005VT3 hybrid) was 0.5% year −1 at ACRE and 0.6% year −1 at PPAC across two N rate. Grain yield per plant, KW and SSR also increased linearly in last 40 years (Figs. 2-4 ). There were no N rate and hybrid interactions, indicating that the rate of improvement for GY, GYP, KW and SSR was not different for these low and high N treatments.
Over time, GY, GYP, KW and SSR also consistently increased across all densities ( Fig. 1-4 ). An interaction of hybrid and density was observed in GY, where GY increased at a slower rate (less steep slope) at D1, than at D2 and D3 at both locations ( Fig. 1c and  d) . The rate of improvement for GY at D1 was 57.5 kg ha −1 year −1 compared to 82.7 kg ha −1 year −1 at D2 and 81.7 kg ha −1 year −1 at D3 at ACRE (Fig. 1c) . Similarly, the increasing rate of GY at D1 was 45.7 kg ha −1 year −1 compared to 59.6 kg ha −1 year −1 at D2 and 66.4 kg ha −1 year −1 at D3 at PPAC (Fig. 1d) . No interaction between hybrids and density was observed for GYP in either location, suggesting that GYP increased at the same rate under all 3 plant densities ( Fig. 2c and 2d ). The hybrid x density interaction was significant for KW at ACRE (Fig. 3c) , but not at PPAC (Fig. 3d) . The increasing rate of KW were much higher at D1 (1.69 mg kernel −1 year −1 ) than D3 (0.81 mg kernel −1 year −1 ), but it did not differ between D1 and D2, or between D2 and D3 at ACRE (Fig. 3c) . The hybrid x density interaction also affected the improvement rate for SSR at ACRE (Fig. 4c) . Source-sink ratio increased faster under D1 (1.68 mg kernel −1 year −1 ) than D3 (0.70 mg kernel −1 year −1 ), while rate of SSR increase was similar between D1 and D2, and between D2 and D3 at ACRE (Fig. 4c) . However, rates of SSR gain did not differ among the three densities at PPAC (Fig. 4d) .
The effect of hybrid era on EGR reached a plateau at alternate decades under different environments (Fig. 5) . At ACRE, the plateau of EGR was reached at the end of 1980s, and N rate had minor impact on the time of plateau occurrence (Fig. 5a ). At PPAC, the EGR plateau was achieved earlier at high N rate compared to low N rate (Fig. 5b) . The density effect was consistent in both locations; low density reached a plateau earlier than both medium and high density ( Fig. 5c and d) . For D3 in PPAC, the estimated plateau year is beyond the most recent hybrid year in this experiment (Fig. 5d) . Lastly, post-silking dry matter accumulation (PostDM) was higher with more recent hybrids (Fig. 6 ). There were no N treatment and hybrid era interactions in PostDM rate gains, suggesting that the increasing rate of PostDM were consistent at different N rates ( Fig. 6a and b) . Furthermore, there was no density and era interaction in PostDM rate gains at ACRE. However, there was a density and era interaction at PPAC with low density having a much higher PostDM increase rate compared to medium density, even though there was no such difference between medium density and high density (Fig. 6d) . Table 3 Nitrogen rate, plant density and hybrid era impacts on treatment means for grain yield per area (at 0% moisture), grain yield per plant (at 0% moisture), kernel number per plant, kernel number, kernel weight, source-sink ratio, green leaf number at R1, R2, R3 and R5, thermal time from planting to 50% tassel, from planting to 50% silking and from silking to 50% milkline, specific leaf nitrogen, leaf area index at R1, R3 and R5 at ACRE. Table 4 Nitrogen rate, plant density and hybrid era impacts on treatment means for grain yield per area (at 0% moisture), grain yield per plant (at 0% moisture), kernel number per plant, kernel number, kernel weight, source-sink ratio, green leaf number at R1, R2, R3 and R5, thermal time from planting to 50% tassel, from planting to 50% silking and from silking to 50% milkline, specific leaf nitrogen, leaf area index at R1, R3 and R5 at PPAC. 
Table 5
Progressive hybrid era correlation relationships for green leaf number at R1, R2, R3, and R5 in response to N rate and plant density treatments at ACRE and PPAC. The era effects on green leaf number (GL) were weak at onset of the grain filling period (R1) in both locations (Table 5) . However, the era effects on GL were greater at later stages of grain filling period (R3-R5) for both locations. For instance, GL per plant increased 0.012 and 0.014 leaves plant −1 year −1 with 55N and 220N at ACRE at R5, and GL per plant increased 0.021 and 0.026 leaves plant −1 year −1 at PPAC at R5 (Table 5 ). D1 showed a higher increasing rate for GL at R5 for both locations with 0.021 leaves plant −1 year −1 at ACRE and 0.028 leaves plant −1 year −1 at PPAC. The slopes of linear regression lines for SLN at silking versus era were not significant between the two N rates or among the three densities at both locations (data not shown). Similar to SLN, the slopes of linear regression lines for LAI at R1, R3 and R5 versus era were not different between N rates and densities in both locations (data not shown).
Kernel weight was positively correlated with EGR during grain filling period (Fig. 7) . At low N rate, the KW increment per unit of EGR (g plant −1 d −1 ) ranged from 182 to 226 mg kernel −1 for hybrids from 1982 to 2005, which were all significantly higher than the rate of KW gain per unit EGR for the 1967 hybrid, with p-value = 0.003 when 2003RR2 (which had lowest rate of KW gain among hybrids from 1982 to 2005) compared with 1967 hybrid (Fig. 7) . Hybrids from 1982 to 2005 also had higher rates of KW gain per unit EGR than 1975 hybrid, although hybrids 2005RR2 (p-value = 0.06) and 2003RR2 (p-value = 0.09) hybrids were just marginally significantly different than the 1975 hybrid. At high N rate, the KW incremental gain per unit EGR ranged from 167 to 244 mg kernel −1 for hybrids from 1994 to 2005 with no significant difference among these hybrids. However, these hybrids had a much higher rate of KW gain per unit EGR than the 1967 hybrid, with p-value = 0.01 when 2003RR2 (which had lowest rate of KW gain among hybrids from 1975 to 2005) was compared with the 1967 hybrid (Fig. 7) .
Discussion

Genetic improvement contribution to grain yield under nitrogen and density stress
The average annual rate of grain yield improvement was 66 kg ha −1 year −1 in this study across all treatments and locations. The rate of yield gain averaged 56 kg ha −1 at low N rate and 75 kg ha −1 year −1 at high N rate when averaged across the three densities and two locations (Fig. 1) . The higher rate of grain yield increase at the higher N rate (Fig. 1 ) was due to a higher GYP gain at high N than at low N rate (Fig. 2) . Duvick (2005) reported grain yield increases of 109 kg ha −1 year −1 in US maize production from 1961 to 2002. However, our yield gain rate was almost identical to the results reported in Castleberry et al. (1984) with a series of DeKalb hybrids from 1930 s to 1980 s (which was 51 for low fertility and 86 kg ha −1 year −1 for high fertility across two years and two locations). Castleberry et al. (1984) discussed that their yield gain rate was lower than US national rate during (110 kg ha −1 ha −1 ), and they attributed the discrepancy to over estimation of yield increases over time by planting older hybrids at then-current densities in hybrid comparison trials. Additionally, many trials are machine harvested which could cause greater loss for older hybrids because of more stem lodging. However, in our study, the low density (54,000 plants ha −1 ) was a common plant density for 1967-1975 hybrids when these were grown commercially. In addition, all plots in our experiment were hand harvested G Model which would eliminate the grain yield loss problem during harvest from any extra lodging in older hybrids.
Grain yield increased consistently with advancing hybrid era under all three densities in ACRE (Fig. 1c) , but the two yield intersections at 1970-1980 and at 1990-2000 for yields at the different densities indicate that grain yields were higher at 79,000 versus 54,000 plants ha −1 after around 1975, and that grain yields were higher at 104,000 versus 54,000 plants ha −1 after around 1995 (Fig. 1c) . Duvick (2005) studied grain yield under three densities for a series of Pioneer hybrids from 1930 to 2000. The intersection of 30,000 versus 79,000 plants ha −1 occurred during [1950] [1951] [1952] [1953] [1954] [1955] [1956] [1957] [1958] [1959] [1960] in that study (Duvick, 2005) . Even though there was an intersection between 104,000 and 54,000 plants ha −1 around 1995 in ACRE in our study, we did not observe an intersection between 104,000 and 79,000 plants ha −1 . The failure to achieve higher yields at 104,000 for 2003 or 2005 hybrids in our study is due to low grain yield per plant at 104,000 plants ha −1 in ACRE (Fig. 2c) . In comparison, average final plant population in US grain maize production in 2015 was estimated at ∼73,000 plants ha −1 by USDA Crop Production Summary (USDA, 2016). The limitations for further yield gains at the highest population in this study included dramatic reductions in PostDM, KW and KN per plant across all N rates and environments (Tables 3 and 4 ). There were no grain yield intersections among the three plant densities among the hybrid era yield means at PPAC (Fig. 1c) . The lack of intersection occurred in the context of lower overall yields at PPAC resulting from corn being grown after corn, at least 10 day later planting dates, and by above normal precipitation levels before silking in both 2013 and 2014 (Table 2) . Tollenaar and Lee (2011) addressed the importance of enhanced grain yield stability in modern hybrids that is achieved by 1) increasing stress tolerance, 2) maintaining yield potential, and 3) minimizing the genotype×environment interaction. In our study, grain yield improvement over decades was consistent over all density levels. Even though the high density (D3) did not lead to the highest grain yield, the superior performance of newer hybrids at high density illustrated a better tolerance to stress in these hybrids. Secondly, GYP of newer hybrids increased consistently across all locations, densities and N rates (Fig. 2) . Although our density level was not low enough to measure yield potential, more recent hybrids still have a better GYP in comparison with older hybrids in the same environments. Lastly, incremental grain yield improvements were consistent over two locations (Fig. 1) . Grain yield of 1967 hybrid was 70% of 2005VT3 hybrid, 1975 70% of 2005VT3 hybrid, and 1982 hybrids achieved about 80-88% of grain yield of 2005VT3 hybrid, and the two 2003 hybrids plus 2005RR2 hybrid had about 90%-100% grain yield of 2005VT3 hybrid at both locations. Although the increasing rate of grain yield is always higher in ACRE than PPAC at same treatment management combination, the consistent increase at both locations indicates lack of genotype×environment interaction for grain yield.
Genetic justification in source versus sink strength
Source-sink ratio (SSR) increased by 1.2 mg kernel −1 year −1 in ACRE and 1.3 mg kernel −1 year −1 in PPAC, across all plant density and N treatments (Fig. 4) . Previously, SSR has more often G Model been discussed as an intentional treatment by controlling pollination or imposing leaf defoliation (Rajcan and Tollenaar, 1999b; Borrás and Otegui, 2001; Jones and Simmons, 1983; Tollenaar and Daynard, 1982) . Discussion of how SSR is impacted by hybrid development has not been well-documented (Luque et al., 2006) . Source strength during the grain filling period can be inferred from post-silking dry matter accumulation (PostDM). Tollenaar and Lee (2011) illustrated two ways to improve source strength: 1) increase dry matter accumulation rate during grain filling period; 2) increase the duration of grain filling period by advancing silking but keeping physiological maturity constant. Both mechanisms were evident in our research. With respect to the first approach, PostDM increased 54.2 and 53.6 kg ha −1 year −1 at ACRE and PPAC, respectively, across all N rate and density treatments (Fig. 6) . With respect to the second approach, our study confirmed longer duration of grain filling in newer hybrids. For example, the newest hybrid − 2005VT3 − had reached 50% silk emergence at the same time as other 2000s hybrids, but it silked 47 ∼ 63 • Cd and 40 ∼ 54 • Cd earlier than 1970-1980 hybrids in ACRE and PPAC, respectively (Tables 3 and 4 ). The same 2005VT3 hybrid had active grain filling periods (i.e. from 50% silking to 50% milkline) that averaged from 14 to 75 • Cd longer than those with hybrids released from 1967 to 1994 (Tables 3 and 4) .
Overall sink strength was estimated in our study by EGR, which includes kernel number and kernel growth rate, as well as cob and husk growth rates. EGR increased with hybrid era across N rate and density treatments, but it reached a maximum around 1990 in ACRE, and 2000 in PPAC except under high density (Fig. 5) . It is well known that sink strength can be improved by reducing plantto-plant variation in HI and by achieving higher absolute value of HI (via proportionately more transfer of dry matter from vegetative organs to grain), higher KNP or KN, or higher potential kernel weight (Tollenaar and Lee, 2011) . In our study, HI was similar across hybrids except for low values with 1967 values with and 1975 values with hybrids at ACRE and with the 1975 values with and 1982 hybrids at PPAC (Tables 3 and 4) . Neither KNP nor KN was higher in more recent hybrids in this study (Table 3, 4) . Although potential kernel weight, a function of kernel growth rates during silking, was not determined in this research, substantial gains in final KW were detected across both locations. KW increased 1.3 and 1.4 mg kernel −1 year −1 at ACRE and PPAC across all N rates and densities, respectively (Fig. 3) . This substantial KW gain contrasts with previous expectations. For example, Luque et al. (2006) discussed the lack of breeding focus on KW since it is normally considered to be a more stable parameter in comparison with KN or KNP.
Overall, SSR explained 98% (R 2 = 0.98) of total variance of KW at ACRE and 99% (R 2 = 0.99) at PPAC (data not shown) in this study. Borrás and Otegui (2001) also showed a high correlation between SSR and KW, and that maximum KW was achieved only if SSR: KW was over 1:1 due to a saturation in post-silking dry matter accumulation per kernel. However, other research on hybrid eras has not found that maize breeding progress necessarily leads to higher SSR (Luque et al., 2006) . We also noticed a high correlation between KW and EGR (Fig. 7) , which was similar with the results from Borrás and Otegui (2001) , who also reported a poor correlation between KW with duration of the active grain filling period. In our study, considering the fact that EGR also included husk and cob growth rates, the correlation between KW and EGR demon- strated the efficiency of transferring dry matter from husk and cob to kernel. Recent hybrids showed a greater KW increase per unit of EGR compared to 1967 and 1975 hybrids at the lower N rate, and relative to the 1967 hybrid at higher N rate. This implies a higher efficiency in transferring dry matter to kernel from husk and cob. Breeding efforts over time in these DeKalb hybrids contributed to an improvement of SSR which was associated with incremental retention gains of green leaf number in newer hybrids during grain filling period. Green leaf number retained at the R3 and R5 stages increased over time at both ACRE and PPAC (Tables 5 and 6 ). The green leaf number of the 2005 VT3 hybrid, compared to the 1967 hybrid, increased about 0.8 green leaves (when averaged over R3 and R5 stages) at ACRE, and 0.7 green leaves for the same 2 stages at PPAC. These strong era effects on GL at the later stages (R5) of grain filling period indicate a breeding effort which promoted hybrids with longer visual stay green during grain filling (Table 5) . Previous studies also documented that stay green enhanced postsilking dry matter and nutrient accumulation (Rajcan and Tollenaar, 1999a; Tollenaar et al., 2004) . In our study, the correlation coefficients between green leaf number and PostDM were 0.63-0.70 for green leaf number at R1 to R5 across all treatments and environments (data not shown), and very similar correlation coefficients were found between green leaf number and KW, as well as with SSR (data not shown).
Green leaf number during grain filling period did not show correlations with LAI during grain filling period, with correlation coefficients ranging from 0 to 0.3 across both locations, N rates and all densities. In a study with a series of 47 commercial hybrids from 1934 to 1978 tested in Iowa, LAI at silking did not change, although KW and stay green scores increased in more recent hybrids (Duvick, 1984) . The lack of correlation of LAI with green leaf number during grain filling in our study could be because LAI was measured for the whole canopy instead of only for green leaves. Cirilo et al. (2009) used green leaf area during grain filling period as a variable for canopy traits, and discovered that the hybrids with higher green leaf area during grain filling had higher PostDM. Borrás et al. (2003) used the ratio of green leaf area during grain filling with kernel number as source-sink ratio, and concluded that leaf senescence is more related to local light source during grain filling period than photosynthetic activity at onset of grain filling period. Hence, leaf area index for canopy did not reflect green leaf changes during grain filling period, whereas green leaf area could be a better measurement for tracking stay green function during the grain filling period. The causes of yield gains over time in this series of DeKalb hybrids can be summarized as: 1. An enhanced grain filling period with longer duration and more persistent leaf stay green, which leads to higher PostDM (source) in newer hybrids; 2. A higher sink demand in newer hybrids due more to a higher KW than to a higher KN at maturity; 3. A higher source-sink ratio indicating an enhanced source strength in comparison to sink in newer hybrids during the grain filling period; and 4. A higher KW gain per unit of EGR indicating a higher efficiency of transferring dry matter from husk and cob to kernel during grain filling.
Conclusion
We studied the physiological basis for yield gains for a 38-year period of commercial DeKalb hybrid release with respect to canopy, yield and yield component traits. Eight hybrids were compared side by side under both limiting and optimal N and with plant densities ranging from 54,000 to 104,000 plants ha −1 for a 2-year period at 2 locations. We concluded that: 1) no gain in maximum mid-season LAI or SLN was observed in hybrids spanning 38 years of development, whereas green leaf number during mid or late grain filling period increased in newer hybrids; 2) GY, GYP, KW and SSR, but not KN or KNP, were all increased with more recent hybrids at both N rates and at three plant densities.; 3) EGR during active grain filling period (50% silking to 50% milkline) reached a plateau around 1990 (year) at ACRE across N rate and density treatments, whereas it reached plateau around 2000 (year) at PPAC except at high density where the stress was most severe; and 4) newer hybrids had a longer grain filling period with low correlation between thermal time of grain filling and PostDM, whereas KW showed a high correlation with EGR as a higher rate of KW gain in newer hybrids was apparent per unit of EGR. Increases with hybrid development over time were GY − 65.8 kg ha −1 year −1 , GYP − 0.91 g plant −1 year −1 , KW − 1.29 mg kernel −1 year −1 , and SSR − 1.25 mg kernel −1 year −1 across all treatments and locations.
Analysis of DeKalb hybrids developed over this 38-year period revealed 1) enhanced grain filling period with both longer duration, as well as retention of source strength capacity (leaves staying green longer); 2) improved source strength with higher PostDM, as well as sink strength with greater KW in newer hybrids; 3) increased efficiency of transferring source from cob and husk to grain by increasing KW gain per unit of EGR; 4) enhanced source to sink strength during grain filling period by increasing SSR; 5) enhanced stability of grain yield, as well as reduced genotype×environment interaction impacts on grain yield. These results are distinct from other maize hybrid era studies that have more frequently reported that KNP or KN are the primary yield component factors that changed over time. However, the precipitation during these two testing years was above normal at both locations and there was no moisture deficit during the critical period at any location-year. Hence, these experiments may need to be repeated under water limited conditions to test the consistency of these efforts in water limited environments. In addition, direct measurements of "functional stay green" − photosynthesis rate or respiration rates − are recommended for future studies to complement our findings that newer hybrids were more "visually stay green".
